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Gas sensor 



(57) Disclosed is a gas sensor comprising a main 
pumping cell (26) for pumping-processing oxygen con- 
tained in a measurement gas introduced into a first 
chamber (18), an auxiliary pumping cell (52) for pump- 
ing-processing oxygen contained in the measurement 
gas introduced into a second chamber (20), a measur- 
ing pumping cell (60) for pumping-processing oxygen in 
the measurement gas introduced via a third diffusion 
rate-determining section (53), an ammeter (64) for de- 
tecting a pumping current generated depending on an 
amount of oxygen pumping-processed by the measur- 
ing pumping cell (60), a heater (66) for heating at least 
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the main pumping cell (26), the auxiliary pumping cell 
(52), and the measuring pumping cell (60) to a prede- 
termined temperature, an impedance-detecting circuit 
(70) for detecting an impedance between an inner 
pumping electrode (22) and an auxiliary pumping elec- 
trode (50), and a heater control circuit (72) for controlling 
electric power application to the heater (66) on the basis 
of a value of the impedance detected by the impedance- 
detecting circuit (70). Accordingly, it is possible to realize 
suppression of variation in detection output which would 
be otherwise caused depending on the measurement 
gas temperature and a high S/N ratio of detection out- 
put. 
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Description 

BACKGROUND OF THE INVENTION 

Field of the invention: 

■ The present invention relates to a gas sensor for 
measuring oxides such as NO, N0 2 , S0 2 , C0 2 . and 
H 2 0 contained in, for example, atmospheric air and ex- 
haust gas discharged from vehicles or automobiles, and 
inflammable gases such as CO and CnHm. 

Description of the Related Art: 

Various measuring systems and apparatuses have 
been hitherto suggested in order to know the concen- 
tration of a predetermined gas component in a meas- 
urement gas. 

For example, those known as the method for meas- 
uring NOx in a measurement gas such as combustion 
gas include a technique in which the NOx-reducing abil- 
ity of Rh is utilized while using a sensor comprising a Pt 
electrode and an Rh electrode formed on an oxygen ion- 
conductive solid electrolyte such as zirconia to measure 
an electromotive force generated between the both 
electrodes. 

The sensor as described above suffers the following 
problem. That is, the electromotive force is greatly 
changed depending on the change in concentration of 
oxygen contained in a combustion gas as a measure- 
ment gas. Moreover, the change in electromotive force 
is small with respect to the change in concentration of 
NOx. For this reason, the conventional sensor tends to 
suffer influence of noise. Further, in order to bring out 
the NOx-reducing ability, it is indispensable to use a re- 
ducing gas such as CO. For this reason, the amount of 
produced CO is generally smaller than the amount of 
produced NOx under a lean fuel combustion condition 
in which a large amount of NOx is produced. Therefore, 
the conventional sensor has a drawback in that it is im- 
possible to perform measurement for a combustion gas 
produced under such a combustion condition. 

A system has been disclosed, for example, in Jap- 
anese Laid-open Patent Publication Nos. 63-381 54 and 
64-39545, in which a pair of electrochemical pumping 
cell and sensor cell comprising Pt electrode and an ox- 
ygen ion-conductive solid electrolyte are combined with 
another pair of electrochemical pumping cell and sensor 
cell comprising Rh electrode and an oxygen ion-conduc- 
tive solid electrolyte to measure NOx in accordance with 
a difference between respective pumping current val- 
ues. 

Further, for example, Japanese Laid-Open Patent 
Publication Nos. 1 -277751 and 2-1 543 disclose the fol- 
lowing method. That is, two pairs of electrochemical 
pumping cells and sensor cells are prepared. The limit- 
ing pumping current is measured at a partial pressure 
of oxygen at which NOx is not reduced, by using a sen- 



sor comprising one of the pairs of pumping cells and 
sensor cells, while the limiting pumping current is meas- 
ured at a partial pressure of oxygen at which NOx is re- 
duced., by using a sensor comprising the other pair of 
5 pumping cell and sensor cell so that the difference be- 
tween the limiting pumping currents is determined. Be- 
sides, the difference in limiting current is measured by 
using a sensor comprising a pair of pumping cell and 
sensor cell, while switching the partial pressure of oxy- 
to gen in a measurement gas between a partial pressure 
of oxygen at which NOx is reduced and a partial pres- 
sure of oxygen at which NOx is not reduced. 

In principle, the output value obtained from the gas 
sensor as described above involves strong dependency 
15 on temperature, and hence it is necessary to perform 
temperature compensation. The temperature of the gas 
sensor is correlated with the alternating current resist- 
ance (impedance) of the gas sensor. Specifically, the im- 
pedance of the gas sensor is lowered as the tempera- 
20 ture of the gas sensor is raised. 

A constant resistance control method based on the 
use of a bridge has been hitherto employed as a tech- 
nique for performing temperature compensation for the 
gas sensor. According to the constant resistance control 
25 method, the total resistance of a heater (= resistance of 
heat-generating section of heater + resistance of heater 
lead section) is controlled on the basis of the tempera- 
ture of a measurement gas. 

As described above, the total resistance of the heat- 
30 er is controlled in the constant resistance control meth- 
od. Accordingly, when the resistance value of the heater 
lead section contained in the element is increased in ac- 
cordance with the increase in measurement gas tem- 
perature, the control is made so that the resistance val- 
35 ue of the heat-generating section of the heater is de- 
creased. As a result, a phenomenon occurs in which the 
output of the heater is lowered. 

Such a system involves the following inconven- 
ience. That is, the temperature at a portion for sensing 
^o the predetermined gas component may be deviated 
from a predetermined designed value. As a result, a 
phenomenon occurs in the output characteristic of the 
gas sensor, in which the detection current value is shift- 
ed with respect to the concentration of the predeter- 
45 mined gas component. Specifically, the detection cur- 
rent value is increased, as the temperature is raised, as 
compared with a prescribed detection current value 
which is expected based on the concentration of the pre- 
determined gas component, and thus the detection ac- 
50 curacy is deteriorated. 

In order to dissolve the foregoing inconvenience, it 
is necessary to decrease the resistance value of the 
heater lead section as small as possible, resulting in a 
problem that the degree of freedom is lowered concern- 
55 jng wiring arrangement design. 

A gas sensor has been hitherto suggested, as an 
alternative of the constant resistance control method de- 
scribed above, which comprises a means for measuring 
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an impedance of the gas sensor, and a current control 
unit for controlling electric power application to a heater 
so that the impedance of the gas sensor is constant 
(see, for example, Japanese Laid-Open Patent Publica- 
tion No. 53-1 7S248). In the gas sensor described above. 5 
an amount of alternating current is superimposed on an 
electric power source, while a circuit is provided for de- 
tecting the impedance generated in accordance there- 
with. Thus, the current to be supplied to the heater is 
controlled so that the impedance is constant. 10 

Further, a gas sensor has been also hitherto sug- 
gested, in which only a direct current component is pos- 
itively feedback-controlled in order to avoid oscillation 
in a current control system (feedback control system) 
for a heater on the basis of a detected impedance (see, is 
for example, Japanese Utility Model Publication No. 
7-45004). 

However, in the case of the gas sensor including 
the conventional heater current control system, the al- 
ternating current flows to the detecting electrode which 20 
is used to detect the predetermined gas component. For 
this reason, the alternating current appears as a noise, 
and it is feared that the S/N ratio of the detection output 
is deteriorated. 

25 

SUMMARY OF THE INVENTION 

The present invention has been made taking the 
foregoing problems into consideration, an object of 
which is to provide a gas sensor which makes it possible 30 
to suppress variation in detection output brought about 
depending on the temperature of a measurement gas, 
and which makes it possible to realize a high S/N ratio 
of the detection output. 

Another object of the present invention is to provide 35 
a gas sensor which makes it possible, in addition to the 
foregoing requirement, to monitor a temperature on a 
side of a main pumping means and a temperature on a 
side of a measuring pumping means (or a concentra- 
tion-detecting means) in a sensor element, and which 40 
makes it possible to highly accurately control the tem- 
perature in the sensor element. 

Still another object of the present invention is to pro- 
vide a gas sensor which makes it possible, in addition 
to the foregoing requirement, to constantly and highly 45 
accurately control the temperature in a sensor element, 
especially the temperature in the vicinity of a detecting 
electrode, and which makes it possible to further sup- 
press output variation in detection output. 

Still another object of the present invention is to pro- so 
vide a gas sensor which makes it possible, in addition 
to the foregoing requirement, to achieve a simplified 
control circuit system. 

According to the present invention, there is provid- 
ed a gas sensor comprising: ss 

a main pumping means including a solid electrolyte 
contacting with an external space, and an inner 



pumping electrode and an outer pumping electrode 
formed on inner and outer surfaces of the solid elec- 
trolyte, for pumping-processing (pumping in and/or 
pumping out) a predermined gas component con- 
tained in a measurement gas introduced from the 
external space, on the basis of a control voltage ap- 
plied between the electrodes; 
a measuring pumping means including a solid elec- 
trolyte and a detecting electrode and a reference 
electrode formed on the solid electrolyte, for pump- 
ing-processing the predetermined gas component 
contained in the measurement gas after being 
pumping-processed by the main pumping means, 
on the basis of a voltage applied between the de- 
tecting electrode and the reference electrode; 
a current-detecting means for detecting a pumping 
current generated depending on an amount of the 
predetermined gas component pumping-processed 
by the measuring pumping means; 
a heater for heating at least the main pumping 
means and the measuring pumping means to a pre- 
determined temperature; 

an impedance-detecting means for detecting an im- 
pedance between an electrode disposed on a side 
of the main pumping means and an electrode dis- 
posed on a side of the measuring pumping means; 
and 

a heater control means for controlling electric power 
application to the heater on the basis of a value of 
the impedance detected by the impedance-detect- 
ing means. 

The electrode disposed on the side of the main 
pumping means includes the electrodes for constructing 
the main pumping means as well as the electrodes dis- 
posed in the vicinity of the main pumping means. The 
electrode disposed on the side of the electric signal-gen- 
erating conversion means includes the electrodes for 
constructing the electric signal-generating conversion 
means as well as the electrodes disposed in the vicinity 
of the electric signal-generating conversion means. 

According to the present invention, at first, the pre- 
determined gas component contained in the measure- 
ment gas introduced from the external space is subject- 
ed to pumping processing effected by the main pumping 
means. Thus, the predetermined gas component is ad- 
justed to have a predetermined concentration. 

The measurement gas, which has been adjusted for 
the concentration of oxygen by the main pumping 
means, is introduced into the electric signal-generating 
conversion means in the next step. The electric signal- 
generating conversion means generates, by conver- 
sion, an electric signal corresponding to the amount of 
the predetermined gas component contained in the 
measurement gas after being pumping processed by 
the main pumping means. The amount of the specified 
component in the measurement gas is measured on the 
basis of the electric signal supplied from the electric sig- 
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nal-generating conversion means. 

When the electric signal-generating conversion 
means is constructed by the measuring pumping means 
and the current-detecting means, the measurement 
gas, which has been adjusted for the oxygen concen- $ 
tration by the main pumping means, is introduced into 
the measuring pumping means. 

The measuring pumping means pumping-process- 
es the predetermined gas component of the measure- 
ment gas, on the basis of the voltage applied between 10 
the detecting electrode and the reference electrode. The 
pumping ^current, which is generated in the measuring 
pumping means corresponding to the amount of the pre- 
determined gas component pumping-processed by the 
measuring pumping means, is detected by the current- *5 
detecting means. The amount of the specified compo- 
nent in the measurement gas is determined on the basis 
of an obtained detected value. 

Alternatively, when the electric signai-generating 
conversion means comprises a concentration-detecting 20 
means and a voltage-detecting means, the measure- 
ment gas, which has been adjusted for the oxygen con- 
centration by the main pumping means, is introduced 
into the concentration-detecting means in the next step. 
The concentration-detecting means generates an elec- 25 
tromotive force corresponding to a difference between 
an amount of the predetermined gas component con- 
tained in the measurement gas after being pumping- 
processed by the main pumping means and an amount 
of the predetermined gas component existing in the ref- 30 
erence gas on the side of the reference electrode. 

The electromotive force is detected by the voltage- 
detecting means disposed at the downstream stage, 
and the amount of the specified component in the meas- 
urement gas is determined on the basis of an obtained 35 
detected value. 

The detecting operation as described above is per- 
formed while heating at least the main pumping means 
and the measuring pumping means, as well as the main 
pumping means and the concentration-detecting means 40 
by means of the heater. Accordingly, the amount of the 
predetermined gas component is highly accurately de- 
tected (concerning detection of the pumping current and 
generation of the electromotive force) by the measuring 
pumping means and the concentration-detecting 45 
means. 

During the period in which the foregoing operation 
is performed, the impedance value between the elec- 
trode disposed on the side of the main pumping means 
and the electrode disposed on the side of the electric so 
signal-generating conversion means (the measuring 
pumping means or the concentration-detecting means) 
is detected by the aid of the impedance-detecting 
means. The electric power application to the heater is 
controlled on the basis of the detected impedance value ss 
by the aid of the heater control means. 

Specifically, when the temperature of the measure- 
ment gas is raised over a predetermined temperature, 
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and the impedance value is decreased, then the control 
is made such that the amount of electric power applica- 
tion to the heater is decreased, or the electric power ap- 
plication to the heater is stopped. Accordingly, the tem- 
perature in the sensor element is gradually lowered. 

On the contrary when the temperature of the meas- 
urement gas is lowered under a predetermined temper- 
ature, and the impedance value is increased, then the 
control is made such that the amount of electric power 
application to the heater is increased, or the electric 
power application to the heater is started. Accordingly, 
the temperature in the sensor element is gradually 
raised. Thus, the temperature in the sensor element can 
be maintained to be constant by controlling the electric 
power application to the heater on the basis of the im- 
pedance value. 

Therefore, when the present invention is compared 
with the conventional constant resistance control meth- 
od, it is unnecessary to manufacture a gas sensor hav- 
ing a strict resistance ratio between the resistance value 
of the heater lead section and the resistance value of 
the heat-generating section of the heater Moreover, it 
is possible to avoid the influence of the temperature of 
the measurement gas, which would be otherwise exert- 
ed due to the increase in resistance value of the heater 
lead section. Especially, in the present invention, the im- 
pedance value between the electrode disposed on the 
side of the main pumping means and the electrode dis- 
posed on the side of the electric signal-generating con- 
version means (the measuring pumping means or the 
concentration-detecting means) is detected. According- 
ly, it is possible to monitor the temperature on the side 
of the main pumping means and the temperature on the 
side of the electric signal-generating conversion means 
in the sensor element. Therefore, it is possible to highly 
accurately control the temperature in the sensor ele- 
ment. 

In the gas sensor constructed as described above, 
it is preferable that the electrode disposed on the side 
of the electric signal-generating conversion means, 
which is subjected to the detection of the impedance 
performed by the impedance-detection means, is an 
electrode except for the detecting electrode. 

In this embodiment, when the measuring pumping 
means is used as the electric signal-generating conver- 
sion means, the voltage applied to the measuring pump- 
ing means is free from variation caused by the detection 
of the impedance. Accordingly, it is possible to sup- 
press, for example, superimposition of noise and fluctu- 
ation of the electromotive force detected by the current- 
detecting means. 

When the concentration-detecting means is used 
as the electric signal-generating conversion means, the 
electromotive force generated in the concentration-de- 
tecting means is free from variation caused by the de- 
tection of the impedance. Accordingly, it is possible to 
suppress, for example, superimposition of noise and 
fluctuation of the electromotive force (voltage) detected 
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by the voltage-detecting means. 

In other words : in the gas sensor according to the 
present invention, it is possible to suppress variation in 
detection output which would be otherwise caused de- 
pending on the temperature of the measurement gas : 
and it is possible to realize a high S/N ratio of the detec- 
tion output. 

Preferably, the gas sensor according to the present 
invention may further comprises a concentration-meas- 
uring means for generating an electromotive force cor- 
responding to a difference between an amount of the 
predetermined gas component contained in the meas- 
urement gas during the pumping process performed by 
the main pumping means and an amount of the prede- 
termined gas component contained in a reference gas 
existing on a side of the reference electrode: and a main 
pumping control means for adjusting a level of the con- 
trol voltage applied between the inner pumping elec- 
trode and the outer pumping electrode, on the basis of 
a voltage of the electromotive force. 

Accordingly, the concentration-measuring means 
generates the electromotive force corresponding to the 
difference between the amount of the predetermined 
gas component contained in the measurement gas dur- 
ing the pumping process performed by the main pump- 
ing means and the amount of the predetermined gas 
component contained in the reference gas existing on 
the side of the reference electrode. The level of the con- 
trol voltage applied between the inner pumping elec- 
trode and the outer pumping electrode of the main 
pumping means is adjusted on the basis of the electro- 
motive force by the aid of the main pumping control 
means. 

The main pumping means pumping-processes the 
predetermined gas component contained in the meas- 
urement gas introduced from the external space, in an 
amount corresponding to the level of the control voltage. 
When the level-adjusted control voltage is supplied to 
the main pumping means, the concentration of the pre- 
determined gas component contained in the measure- 
ment gas is subjected to feedback control to achieve the 
predetermined level. 

In the present invention, the electromotive force 
generated by the concentration-measuring means is a 
terminal voltage generated at least between the refer- 
ence electrode and the measuring electrode formed in 
the vicinity of the main pumping means. Alternatively, 
the electromotive force is a terminal voltage generated 
at least between the reference electrode and the inner 
pumping electrode of the main pumping means. 

Especially, in the invention in which the terminal 
voltage between the reference electrode and the inner 
pumping electrode is measured by using the concentra- 
tion-measuring means, when the pumping amount of 
the predetermined gas component effected by the main 
pumping means, and the concentration of the predeter- 
mined gas component in the measurement gas is 
changed, then the terminal voltage between the refer- 



ence electrode and the inner pumping electrode of the 
main pumping means is changed without any time delay. 
Accordingly, no oscillation phenomenon occurs in the 
feedback control. 
5 In the invention described above, it is also prefera- 

ble that the impedance-detecting means comprises an 
alternating current-generating circuit for supplying an al- 
ternating current between the electrodes subjected to 
the detection, and a signal-detecting circuit for detecting 
10 a voltage signal at a level corresponding to the imped- 
ance between the electrodes generated between the 
electrodes by supplying the alternating current between 
the electrodes subjected to the detection; and the heater 
control means comprises a comparator circuit for com- 
*5 paring a reference level with the level of the voltage sig- 
nal supplied from the signal-detecting circuit of the im- 
pedance-detecting means, and a switching circuit for 
performing ON/OFF control over electric power applica- 
tion to the heater on the basis of a result of comparison 
20 performed by the comparator circuit. 

Accordingly, at first, the alternating current is sup- 
plied between the electrodes subjected to the detection, 
by the aid of the alternating current-generating circuit of 
the impedance-detecting means. The voltage signal at 
25 the level corresponding to the impedance between the 
electrodes is generated between the electrodes by sup- 
plying the alternating current. The voltage signal is de- 
tected by the signal-detecting circuit. The voltage signal 
detected by the signal-detecting circuit is supplied to the 
30 heater control means disposed at the downstream 
stage. In the heater control means, at first, the compa- 
rator circuit is used to compare the level of the supplied 
voltage signal with the reference level. The result of 
comparison obtained by the comparator circuit is sup- 
35 plied to the switching circuit disposed at the downstream 
stage. The switching circuit controls electric power ap- 
plication to the heater on the basis of the supplied result 
of comparison. 

Specifically, when the impedance between the elec- 
40 trodes except for the detecting electrode is lowered in 
accordance with the increase in temperature of the 
measurement gas, and the result of comparison indi- 
cates, for example, the fact that "the level of the voltage 
signal is lower than the reference level", then the switch- 
45 jng circuit stops electric power application to the heater. 
Accordingly, the temperature in the sensor element is 
gradually lowered. 

On the contrary, when the impedance between the 
electrodes is increased in accordance with the decrease 
50 in temperature of the measurement gas, and the result 
of comparison indicates, for example, the fact that "the 
level of the voltage signal is higher than the reference 
level", then the switching circuit starts electric power ap- 
plication to the heater. Accordingly, the temperature in 
55 the sensor element is gradually raised. 

The temperature in the sensor element is quickly 
converged to a constant temperature owing to the op- 
eration performed as described above. 
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It is preferable for the gas sensor constructed as 
described above that the signal-detecting circuit is pro- 
vided with a filter circuit for converting the alternating 
current signal generated between the electrodes into 
the voltage signal at the level corresponding to the im- s 
pedance between the electrodes. For example, a low- 
pass filter and a band-pass filter may be used as the 
filter circuit. 

It is preferable for the gas sensor constructed as 
described above that the alternating current-generating 10 
circuit is wired and connected such that the alternating 
current is supplied not only between the electrodes but 
also to a resistor designed to have a resistance value 
corresponding to a normal impedance between the 
electrodes, and that the signal-detecting circuit compris- is 
es a first detection circuit for converting the alternating 
current generated between the electrodes into a voltage 
signal at a level corresponding to the impedance be- 
tween the electrodes, a second detection circuit for con- 
verting an alternating current signal generated in the re- 20 
sistor into a voltage signal at a level corresponding to 
an impedance of the resistor, to be used as a reference 
signal, and a differential circuit for determining a differ- 
ence between the voltage signal outputted from the first 
detection circuit and the reference signal outputted from 25 
the second detection circuit, and outputting the differ- 
ence as a deviation signal. 

Accordingly, at first, the alternating current is sup- 
plied between the electrodes except for the detecting 
electrodes by the aid of the alternating current-generat- 30 
ing means of the impedance-detecting means, simulta- 
neously with which the alternating current is also sup- 
plied to the resistor set to have the resistance value cor- 
responding to the normal impedance between the elec- 
trodes. 35 

The supply of the alternating current between the 
electrodes allows the alternating current signal gener- 
ated between the electrodes to be supplied to the first 
detection circuit, and the signal is converted, for exam- 
ple, into a direct current voltage signal at the level cor- 40 
responding to the impedance between the electrodes. 
On the other hand, the supply of the alternating current 
to the resistor allows the alternating current generated 
in the resistor to be supplied to the second detection 
circuit, and the signal is converted, for example, into a 45 
direct current voltage signal (reference signal) at the lev- 
el corresponding to the impedance of the resistor. 

Both of the voltage signal outputted from the first 
detection circuit and the reference signal outputted from 
the second detection circuit are supplied to the differen- so 
tiaf circuit. The differential circuit determines the differ- 
ence between the voltage signal and the reference sig- 
nal, and the obtained result is outputted as the deviation 
signal. 

The deviation signal outputted from the differential ss 
circuit, especially its deviation level, is compared with 
the reference level by the comparator circuit of the heat- 
er control means disposed at the downstream stage. If 
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the deviation level is. for example ; lower than the refer- 
ence level, tor example, electric power application to the 
heater is stopped. On the contrary, if the deviation level 
is, for example, higher than the reference level, electric 
power application to the heater is started. 

In the present invention, the target impedance value 
is set by using the resistor (pure resistance). According- 
ly, it is unnecessary to use ; as the first and second de- 
tection circuits for converting the alternating signal into 
the voltage signal, a circuit device having a complicated 
circuit system such as a higher-order low-pass filter and 
a band-pass filter based on the use of an operational 
amplifier. The system of the present invention can be 
realized by using a simple rectifying circuit based on the 
use of a first-order low-pass filter and a diode. Thus, it 
is possible to effectively achieve simplification of the cir- 
cuit arrangement and reduction of electric power con- 
sumption. 

It is preferable that the gas sensor constructed as 
described above further comprises an auxiliary pumping 
means including an auxiliary pumping electrode formed 
in the vicinity of the detecting electrode, for pumping- 
processing the predetermined gas component con- 
tained in the measurement gas after being pumping 
processed by the main pumping means, on the basis of 
a voltage applied between the auxiliary pumping elec- 
trode and the reference electrode. 

Accordingly, at first, the measurement gas, which 
has been subjected to coarse adjustment for the prede- 
termined gas component to have the predetermined 
concentration by the aid of the main pumping means, is 
further subjected to fine adjustment for the concentra- 
tion of the predetermined gas component by the aid of 
the auxiliary pumping means. During the period in which 
the foregoing operation is performed, when the concen- 
tration of the predetermined gas component in the 
measurement gas in the external space is greatly 
changed (for example, oxygen concentration is 
changed from 0 to 20 %), then the concentration distri- 
bution of the predetermined gas component in the 
measurement gas introduced into the main pumping 
means is greatly changed, and the amount of the pre- 
determined gas component introduced into the measur- 
ing pumping means or the concentration-detecting 
means is also changed. 

The concentration of the predetermined gas com- 
ponent in the measurement gas after being pumping- 
processed by the main pumping means is finely adjust- 
ed by the pumping process effected by the auxiliary 
pumping means. However, owing to the pumping proc- 
ess performed by the main pumping means, the change 
in concentration of the predetermined gas component 
in the measurement gas introduced into the auxiliary 
pumping means is greatly reduced as compared with 
the change in concentration of the predetermined gas 
component in the measurement gas from the external 
space (measurement gas introduced into the main 
pumping means). Accordingly, it is possible to accurate- 



6 



DCID: <£P_0849591A1_U» 




11 EP0 849 

ly and constantly control the concentration of the prede- 
termined gas component in the vicinity of the detecting 
electrode of the measuring pumping means or in the vi- 
cinity of the detecting electrode of the concentration-de- 
tecting means. 5 

Therefore, the concentration of the predetermined 
gas component introduced into the measuring pumping 
means orthe concentration-detecting means is scarcely 
affected by the change in concentration of the predeter- 
mined gas component in the measurement gas (meas- 10 
urement gas introduced into the main pumping means). 
As a result, the pumping current value detected by the 
current-detecting means or the electromotive force de- 
tected by the voltage-detecting means is not affected by 
the change in concentration of the predetermined gas *5 
component in the measurement gas, which has a value 
accurately corresponding to the amount of the objective 
component existing in the measurement gas. 

The impedance between the electrodes except for 
the detecting electrode, which is detected by the imped- 20 
ance-detecting means, may be an impedance between 
the reference electrode and any one of the electrodes 
(the inner pumping electrode or the. outer pumping elec- 
trode) of the main pumping means, or the impedance 
may be an impedance between the reference electrode 25 
and the auxiliary pumping electrode of the auxiliary 
pumping means. Alternatively, it is allowable to detect 
an impedance between the auxiliary electrode and any 
one of the electrodes of the main pumping means. 

Especially, according to the invention described 30 
above, it is possible to more accurately control the tem- 
perature in the vicinity of the detecting electrode in the 
sensor element. Accordingly, it is possible to effectively 
suppress variation in detection output (the pumping cur- 
rent value or the electromotive force) which would be 35 
otherwise caused depending on the temperature of the 
measurement gas. Thus, it is possible to realize im- 
provement in detection accuracy and improvement in 
reliability of the gas sensor. 

The main pumping means may comprise the inner 40 
pumping electrode and the outer pumping electrode 
formed at the inside and outside of a first chamber sur- 
rounded by substrates composed of solid electrolytes 
for introducing the measurement gas thereinto, and the 
substrate interposed between the both electrodes. 4S 

The measuring pumping means may comprise the 
detecting electrode formed at the inside of a second 
chamber surrounded by substrates composed of solid 
electrolytes for introducing the measurement gas after 
being pumping-processed by the main pumping means 50 
thereinto, the reference electrode formed in a reference 
gas-introducing chamber surrounded by substrates 
composed of solid electrolytes for introducing a refer- 
ence gas thereinto, and the substrate interposed be- 
tween the detecting electrode and the reference elec- 55 
trode. 

The concentration-detecting means may comprise 
the detecting electrode formed at the inside of a second 
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chamber surrounded by substrates composed 0; solid 
electrolytes for introducing the measurement gas after 
being pumping-processed by the main pumping means 
thereinto, the reference electrode formed in a reference 
gas-introducing chamber surrounded by substrates 
composed of solid electrolytes for introducing a refer- 
ence gas thereinto, and the substrate interposed be- 
tween the detecting electrode and the reference elec- 
trode. 

Preferably the gas sensor constructed as de- 
scribed above may further comprise a first diffusion rate- 
determining section provided at a passage to introduce 
the measurement gas from the external space into the 
first chamber, for giving a predetermined diffusion re- 
sistance to the measurement gas, and a second diffu- 
sion rate-determining section provided at a passage to 
introduce the measurement gas after being pumping- 
processed by the main pumping means into the second 
chamber, for giving a predetermined diffusion resist- 
ance to the measurement gas. 

Preferably, the gas sensor may further comprise a 
third diffusion rate-determining section provided at a 
passage for the measurement gas to enter the detecting 
electrode in the second chamber, for giving a predeter- 
mined diffusion resistance to the measurement gas. 

The above and other objects, features and advan- 
tages of the present invention will become more appar- 
ent from the following description when taken in con- 
junction with the accompanying drawings in which a pre- 
ferred embodiment of the present invention is shown by 
way of illustrative example. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows an arrangement of a gas sensor ac- 
cording to a first embodiment. 

FIG. 2 shows an arrangement of a feedback control 
system for a main pumping cell of the gas sensor ac- 
cording to the first embodiment. 

FIG. 3 shows a heater control system of the gas 
sensor according to the first embodiment. 

FIG. 4 shows a circuit diagram illustrating a speci- 
fied example of the heater control system. 

FIG. 5 shows the dependency on the measurement 
gas temperature of the output characteristic concerning 
Example having the same system as that of the gas sen- 
sor according to the first embodiment and Comparative 
Example based on the use of the conventional constant 
resistance control method. 

FIG. 6 shows a circuit diagram illustrating a first 
modified embodiment of the gas sensor according to the 
first embodiment, especially illustrating an arrangement 
of a heater control system. 

FIG. 7A shows a waveform illustrating a case in 
which the level of a deviation signal is higher than the 
apex level of the triangular wave. 

FIG. 7B shows a waveform illustrating a base-driv- 
ing signal obtained under the condition shown in FIG. 
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7A. 

FIG. SA shows a waveform illustrating a case in 
which the level of a deviation signal is between the mid- 
dle point level and the apex level of the triangular wave. 

FIG. 8B shows a waveform illustrating a base-driv- 
ing signal obtained under the condition shown in FIG. 
8A. 

FIG. 9A shows a waveform illustrating a case in 
which the level of a deviation signal is between the bot- 
tom level and the middle point level of the triangular 
wave. 

FIG. 9B shows a waveform illustrating a base-driv- 
ing signal obtained under the condition shown in FIG. 
9A. 

FIG. 10A shows a waveform illustrating a case in 
which the level of a deviation signal is lower than the 
bottom level of the triangular wave. 

FIG. 1 0B shows a waveform illustrating a base-driv- 
ing signal obtained under the condition shown in FIG. 
10A. 

FIG. 1 1 shows a circuit diagram illustrating a second 
modified embodiment of the gas sensor according to the 
first embodiment, especially illustrating an arrangement 
of a heater control circuit of a heater control system. 

FIG. 12 shows an arrangement of a gas sensor ac- 
cording to a second embodiment. 

FIG. 1 3 shows an arrangement of a gas sensor ac- 
cording to a third embodiment. 

FIG. 14 shows a characteristic curve illustrating an 
output characteristic of the gas sensor according to the 
third embodiment. 

FIG. 15 shows an arrangement of a gas sensor ac- 
cording to a fourth embodiment. 

FIG. 16 shows an arrangement of a case in which 
an impedance between an inner pumping electrode and 
a reference electrode is detected. 

FIG. 17 shows an arrangement of a case in which 
an impedance between an outer pumping electrode and 
a reference electrode is detected. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Explanation will be made below with reference to 
FIGs. 1 to 17 for several illustrative embodiments in 
which the gas sensor according to the present invention 
is applied to gas sensors for measuring oxides such as 
NO, N0 2 . S0 2 , C0 2 , and H 2 0 contained in, for example, 
atmospheric air and exhaust gas discharged from vehi- 
cles orautomobiles, and inflammable gases such as CO 
and CnHm, 

At first, as shown in FIG. 1 , a gas sensor according 
to the first embodiment comprises, for example, six 
stacked solid electrolyte layers 10a to 1 0f composed of 
ceramics based on the use of oxygen ion-conductive 
solid electrolytes such as Zr0 2 . First and second layers 
from the bottom are designated as first and second sub- 
strate layers 10a, 10b respectively. Third and fifth layers 



from the bottom are designated as first and second 
spacer layers 10c : 10e respectively. Fourth and sixth 
layers from the bottom are designated as first and sec- 
ond solid electrolyte layers 10d, 10f respectively. 
5 Specifically, the first spacer layer 10c is stacked on 

the second substrate layer 1 0b. The first solid electrolyte 
layer 1 0d, the second spacer layer 1 0e, and the second 
solid electrolyte layer 1 0f are successively stacked on 
the first spacer layer 10c. 
10 A space (reference gas-introducing space) 12, into 
which a reference gas such as atmospheric air to be 
used as a reference for measuring oxides is introduced, 
is formed between the second substrate layer 10b and 
the first solid electrolyte layer 10d, the space 12 being 
15 comparted by a lower surface of the first solid electrolyte 
layer 1 0d, an upper surface of the second substrate lay- 
er 10b, and side surfaces of the first spacer layer 10c. 

The second spacer layer 1 0e is interposed between 
the first and second solid electrolyte layers 10d, 1 0f. 
20 First and second diffusion rate-determining sections 1 4, 
1 6 are also interposed between the first and second sol- 
id electrolyte layers 10d, 1 0f. 

A first chamber 1 8 for adjusting the partial pressure 
of oxygen in a measurement gas is formed and com- 
25 parted by a lower surface of the second solid electrolyte 
layer 1 0f, side surfaces of the first and second diffusion 
rate-determining sections 14, 16, and an upper surface 
of the first solid electrolyte layer 1 0d. A second chamber 
20 for finely adjusting the partial pressure of oxygen in 
30 the measurement gas and measuring oxides, for exam- 
ple, nitrogen oxides (NOx) in the measurement gas is 
formed and comparted by a lower surface of the second 
solid electrolyte layer 1 0f, a side surface of the second 
diffusion rate-determining section 16, a side surface of 
35 the second spacer layer I0e, and an upper surface of 
the first solid electrolyte layer 10d. 

The external space communicates with the first 
chamber 20 via the first diffusion-rate determining sec- 
tion 1 4, and the first chamber 1 8 communicates with the 
40 second chamber 20 via the second diffusion rate-deter- 
mining section 16. 

The first and second diffusion-rate determining sec- 
tions 14, 16 give predetermined diffusion resistances to 
the measurement gas to be introduced into the first and 
4 $ second chambers 18, 20 respectively. Each of the first 
and second diffusion-rate determining sections 14, 16 
can be formed as a passage composed of, for example, 
a porous material, or a small hole having a predeter- 
mined cross-sectional area so that the measurement 
50 gas may be introduced. 

Especially, the second diffusion -rate determining 
section 16 is arranged and filled with a porous material 
comprising, for example, Zr0 2 . The diffusion resistance 
of the second diffusion-rate determining section 16 is 
55 made larger than the diffusion resistance of the first dif- 
fusion-rate determining section 14. 

The atmosphere in the first chamber 18 is intro- 
duced into the second chamber 20 under the predeter- 
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mined diffusion resistance via the second diffusion rate- 
determining section 16. 

An inner pumping electrode 22 having a substan- 
tially rectangular planar configuration and composed of 
a porous cermet electrode is formed on the entire lower 
surface portion for forming the first chamber 18, of the 
lower surface of the second solid electrolyte layer 1 0f. 
An outer pumping electrode 24 is formed on a portion 
corresponding to the inner pumping electrode 22, of the 
upper surface of the second solid electrolyte layer 1 0f. 
An electrochemical pumping cell, i.e., a main pumping 
cell 26 is constructed by the inner pumping electrode 
22, the outer pumping electrode 24, and the second sol- 
id electrolyte layer 1 0f interposed between the both 
electrodes 22, 24. 

A desired control voltage (pumping voltage) Vp1 is 
applied between the inner pumping electrode 22 and the 
outer pumping electrode 24 of the main pumping cell 26 
by the aid of an external variable power source 28 to 
allow a pumping current to flow in a positive or negative 
direction between the outer pumping electrode 24 and 
the inner pumping electrode 22. Thus, the oxygen in the 
atmosphere in the first chamber 18 can be pumped out 
to the external space, or the oxygen in the external 
space can be pumped into the first chamber 18. 

A measuring electrode 30 having a substantially 
rectangular planar configuration and composed of a po- 
rous cermet electrode is formed on an upper surface 
portion for forming the first chamber 18 adjacent to the 
second diffusion rate-determining section 16, of the up- 
per surface of the first solid electrolyte layer 10d. A ref- 
erence electrode 32 is formed on a portion exposed to 
the reference gas-introducing space 12, of the lower 
surface of the first solid electrolyte layer I0d. An elec- 
trochemical sensor cell, i.e., an oxygen partial pressure- 
detecting cell 34 is constructed by the measuring elec- 
trode 30, the reference electrode 32, and the first solid 
electrolyte layer 10d. 

An electromotive force is generated between the 
measuring electrode 30 and the reference electrode 32 
on the basis of a difference in oxygen concentration be- 
tween the atmosphere in the first chamber 18 and the 
reference gas (atmospheric air) in the reference gas-in- 
troducing space 1 2. The oxygen partial pressure-detect- 
ing cell 34 makes it possible to detect the partial pres- 
sure of oxygen in the atmosphere in the first chamber 
18 by measuring the generated electromotive force by 
using a voltmeter 36. 

The detected value of the partial pressure of oxygen 
is used to feedback-control the variable power source 
28. Specifically, the pumping operation performed by 
the main pumping cell 26 is controlled so that the partial 
pressure of oxygen in the atmosphere in the first cham- 
ber 18 has a predetermined value which is sufficiently 
low to control the partial pressure of oxygen in the sec- 
ond chamber 20 in the next step. 

Specifically, as shown in FIG. 2, a circuit system 
(feedback control system) 38 for performing the feed- 



back control comprises a first differential amplifier 40 for 
determining a difference between a difference (meas- 
ured voltage Va) between an electric potential of the 
measuring electrode 30 and the ground electric poten- 
5 tial and a difference (reference voltage Vb) between an 
electric potential of the reference electrode 32 and the 
ground electric potential, and amplifying the determined 
difference with a predetermined gain to make an output; 
a second differential amplifier 42 for determining a dif- 
10 ference between the output of the first differential am- 
plifier 40 and a reference voltage Vc, and amplifying the 
determined difference with a predetermined gain to 
make an output; and a signal-amplifying system 46 com- 
posed of a one-stage or multi-stage amplifier 44 for am- 
15 plifying the output of the second differential amplifier 42. 
In this embodiment, the wiring connection is made so 
that the output of the signal-amplifying system 46 is sup- 
plied to the outer pumping electrode 24 of the main 
pumping cell 26, and the inner pumping electrode 22 is 
20 grounded. 

Accordingly, at first, the measurement gas is intro- 
duced into the first chamber 1 8 via the first diffusion rate- 
determining section 14. The measured voltage Va and 
the reference voltage Vb at that time are supplied to the 
25 first differential amplifier 40. The first differential ampli- 
fier 40 outputs the differential voltage Vd between the 
measured voltage Va and the reference voltage Vb. The 
differential voltage Vd is applied, for example, to an in- 
verting terminal of the second differential amplifier 42 
30 disposed at the downstream stage. The second differ- 
ential amplifier 42 determines the difference between 
the differential voltage Vd supplied to the inverting ter- 
minal and the reference voltage Vc supplied to a non- 
inverting terminal. The voltage signal Ve, which is ob- 
35 tained by amplifying the determined difference with the 
predetermined gain, is outputted from an output terminal 
of the second differential amplifier 42. The voltage signal 
Ve is amplified with the predetermined gain by the sig- 
nal-amplifying system 46 disposed at the downstream 
^o stage, and an obtained voltage is supplied as the pump- 
ing voltage Vp1 to the outer pumping electrode 24 of the 
main pumping cell 26. In this embodiment, the inner 
pumping electrode 22 has the ground electric potential 
(0 V). Therefore, the voltage between the both elec- 
ts trodes 22, 24 of the main pumping cell 26 is equivalent 
to the pumping voltage Vp1 supplied from the signal- 
amplifying system 46 after all. 

Therefore, the main pumping cell 26 pumps out or 
pumps in oxygen in an amount corresponding to the lev- 
50 el of the pumping voltage Vp1 , of the measurement gas 
introduced into the first chamber 18. The oxygen con- 
centration in the first chamber 18 is subjected to feed- 
back control to give a predetermined level by repeating 
the series of operations described above. 
5 $ The porous cermet electrode for constructing the in- 
ner pumping electrode 22 and the outer pumping elec- 
trode 24 is composed of a metal such as Pt and a ce- 
ramic such as Zr0 2 . However, it is necessary, for the 
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inner pumping electrode 22 and the measuring elec- 
trode 30 arranged in the first chamber 1 3 contacting with 
the measurement gas, to use a material having a weak 
reducing ability or no reducing ability with respect to the 
NO component in the measurement gas. It is preferable s 
that the inner pumping electrode 22 and the measuring 
electrode 30 are composed of, for example, a com- 
pound having the perovskite structure such as 
La 3 Cu0 4 . a cermet comprising a ceramic and a metal 
having a low catalytic activity such as Au, or a cermet 10 
comprising a ceramic, a metal of the Pt group, and a 
metal having a low catalytic activity such as Au. Further, 
when an alloy comprising Au and a metal of the Pt group 
is used as an electrode material, it is preferable to add 
Au in an amount of 0.03 to 35 vol% of the entire metal is 
components. 

On the other hand, as shown in FIG. 1 , an auxiliary 
pumping electrode 50 having a substantially rectangular 
planar configuration and composed of a porous cermet 
electrode is formed on the entire lower surface portion 20 
for forming the second chamber 20, of the lower surface 
of the second solid electrolyte layer 1 0f. An auxiliary 
electrochemical pumping cell, i.e., an auxiliary pumping 
cell 52 is constructed by the auxiliary pumping electrode 
50, the reference electrode 32, the second solid elec- 2s 
trolyte layer 1 0f, the second spacer layer 10e, and the 
first solid electrolyte layer 10d. 

A desired constant voltage Vp2 is applied between 
the reference electrode 32 and the auxiliary pumping 
electrode 50 of the auxiliary pumping cell 52 by the aid 30 
of an external power source 54. Thus, the oxygen in the 
atmosphere in the second chamber 20 can be pumped 
out to the reference gas-introducing space 12. Accord- 
ingly, the partial pressure of oxygen in the atmosphere 
in the second chamber 20 is allowed to have a low value 35 
of partial pressure of oxygen at which the measurement 
of the amount of the objective component is not sub- 
stantially affected, under the condition in which the 
measurement gas component (NOx) is not substantially 
reduced or decomposed. In this embodiment, owing to *o 
the operation of the main pumping cell 26 for the first 
chamber 1 8, the change in amount of oxygen introduced 
into the second chamber 20 is greatly reduced as com- 
pared with the change in the measurement gas. Accord- 
ingly, the partial pressure of oxygen in the second cham- 45 
ber 20 is accurately controlled to be constant. 

I n the gas sensor according to the first embodiment, 
a detecting electrode 56 having a substantially rectan- 
gular planar configuration and composed of a porous 
cermet electrode is formed at a portion separated from so 
the second diffusion rate-determining section 16, on an 
upper surface portion for forming the second chamber 
20, of the upper surface of the first solid electrolyte layer 
10d. An alumina film for constructing a third diffusion 
rate-determining section 58 is formed so that the detect- ss 
ing electrode 56 is covered therewith. An electrochem- 
ical pumping cell, i.e., a measuring pumping cell 60 is 
constructed by the detecting electrode 56, the reference 



electrode 32, and the first solid electrolyte layer 10d. 

The detecting electrode 56 is composed of a porous 
cermet comprising zirconia as a ceramic and Rh as a 
metal capable of reducing NOx as the measurement gas 
component. Accordingly, the detecting electrode 56 
functions as an NOx-reducing catalyst for reducing NOx 
existing in the atmosphere in the second chamber 20. 
Further the oxygen in the atmosphere in the second 
chamber 20 can be pumped out to the reference gas- 
introducing space 1 2 by applying a constant voltage Vp3 
between the detecting electrode 56 and the reference 
electrode 32 by the aid of a DC power source 62. The 
pumping current lp, which is allowed to flow in accord- 
ance with the pumping operation performed by the 
measuring pumping cell 60, is detected by an ammeter 
64. 

The constant voltage (DC) power source 62 can ap- 
ply a voltage of a magnitude to give a limiting current to 
the pumping for oxygen produced during decomposition 
in the measuring pumping cell 60 under the inflow of 
NOx restricted by the third diffusion rate-determining 
section 58. 

The gas sensor according to the first embodiment 
further comprises a heater 66 for generating heat in ac- 
cordance with electric power supply from the outside. 
The heater 66 is embedded in a form of being vertically 
interposed between the first and second substrate lay- 
ers 10a, 10b. The heater 66 is provided in order to in- 
crease the conductivity of oxygen ion. A ceramic layer 
68 composed of alumina or the like is formed to cover 
upper and lower surfaces of the heater 66 so that the 
heater 66 is electrically insulated from the substrate lay- 
ers 10a, 10b. 

As shown in Fig. 1, the heater 66 is arranged over 
the entire portion ranging from the first chamber 18 to 
the second chamber 20. Accordingly, each of the first 
chamber 1 8 and the second chamber 20 is heated to a 
predetermined temperature. Simultaneously, each of 
the main pumping cell 26, the oxygen partial pressure- 
detecting cell 34, the auxiliary pumping cell 52, and the 
measuring pumping cell 60 is also heated to a predeter- 
mined temperature and maintained at that temperature. 

The gas sensor according to the first embodiment 
includes a heater control system comprising an imped- 
ance-detecting circuit 70 inserted and connected be- 
tween, for example, the inner pumping electrode 22 of 
the main pumping cell 26 and the auxiliary pumping 
electrode 50 except for the detecting electrode 56, for 
detecting the impedance between the both electrodes 
22, 50, and a heater control circuit 72 for controlling elec- 
tric power application to the heater 66 on the basis of a 
detection signal supplied from the impedance-detecting 
circuit 70. 

As shown in FIG. 3, the impedance-detecting circuit 
70 includes an alternating current-generating circuit 80 
for supplying an alternating current between the inner 
pumping electrode 22 and the auxiliary pumping elec- 
trode 50, and a signal-detecting circuit 82 for detecting 
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a voltage signal Vf at a level corresponding to the im- 
pedance between the electrodes 22 ; 50. generated be- 
tween the electrodes 22, 50 in accordance with the al- 
ternating current supply between the electrodes 22, 50. 

As shown in FIG. 4, the impedance measurement 
objective, which is constructed by the inner pumping 
electrode 22, the auxiliary pumping electrode 50, and 
the second solid electrolyte layer 1 0f interposed be- 
tween the both electrodes 22, 50, is equivalently repre- 
sented by a circuit 84 comprising a resistor R and a ca- 
pacitor C connected in parallel. 

Therefore, as shown in FIG. 4, the signal-detecting 
circuit 82 may be constructed by a filter circuit (for ex- 
ample, a low-pass filter and a band-pass filter) 86 for 
converting the alternating current signal generated be- 
tween the electrodes 22, 50 into the voltage signal Vf at 
a level (hereinafter simply referred to as "detection lev- 
el") corresponding to the impedance between the elec- 
trodes 22, 50. 

On the other hand, as also shown in FIG. 4, the 
heater control circuit 72 is constructed as having a com- 
parator 88 with hysteresis, and a pnp-type power tran- 
sistor 90. The comparator 88 with hysteresis is operated 
as follows. That is, assuming that the reference level is 
E, and the dead zone level is V H , if the detection level 
of the voltage signal Vf outputted from the filter circuit 
86 is higher than a positive threshold level (E + V H /2), 
then a low level signal is outputted, while if the detection 
level is lower than a negative threshold level (E - V H /2), 
then a high level signal is outputted. If the detection level 
is within a range of -V H /2 to +V H /2, the present level is 
maintained. 

The power transistor 90 has its collector terminal to 
which a power source Vcc is connected, its base termi- 
nal to which an output side of the comparator 88 with 
hysteresis is connected, and its emitterterminal to which 
a first terminal <t>1 of the heater 66 is connected. A sec- 
ond terminal $2 of the heater 66 is grounded. 

The power transistor 90 is ON-operated by supply- 
ing the low level signal from the comparator 88 to the 
base terminal. Accordingly, the driving current is sup- 
plied from the power source Vcc to the heater 66. On 
the other hand, the power transistor 90 is OFF-operated 
by supplying the high level signal from the comparator 
88 to the base terminal. Accordingly, the supply of the 
driving current to the heater 66 is stopped. 

The frequency band of the alternating current com- 
ponent generated by the alternating current-generating 
circuit 80 is desirably set, for example, to be within a 
range of about 300 Hz to 100 kHz, and optimally within 
a range of 1 kHz to 1 0 kHz. The voltage of the alternating 
current component is desirably set to be at a level at 
which no trouble occurs in the function of each elec- 
trode, for example, not more than ± 500 mV, and opti- 
mally about ± 100 mV to ± 300 mV. 

The reference level E, which is supplied to the com- 
parator 88 of the heater control circuit 72, is set to be 
the same level as the detection level obtained when the 



temperature of the measurement gas in the sensor ele- 
ment is at a predetermined temperature (desired tem- 
perature). 

Next, the operation of the gas sensor according to 
$ the first embodiment will be explained. At first, the for- 
ward end of the gas sensor is disposed in the external 
space. Accordingly, the measurement gas is introduced 
into the first chamber 1 8 under the predetermined diffu- 
sion resistance via the first diffusion rate-determining 
*0 section 14. The measurement gas, which has been in- 
troduced into the first chamber 18, is subjected to the 
pumping operation for oxygen, caused by applying the 
predetermined pumping voltage Vp1 between the outer 
pumping electrode 24 and the inner pumping electrode 
is 22 which construct the main pumping cell 26. The partial 
pressure of oxygen is controlled to be a predetermined 
value, for example, 10* 7 atm. The control is performed 
by the aid of the feedback control system 38 shown in 
FIG. 2. 

20 The first diffusion rate-determining section 14 
serves to limit the amount of diffusion and inflow of ox- 
ygen in the measurement gas into the measuring space 
(first chamber 1 8) when the pumping voltage Vp1 is ap- 
plied to the main pumping cell 26 so that the current f low- 

25 jng through the main pumping cell 26 is suppressed. 

In the first chamber 18, a state of partial pressure 
of oxygen is established, in which NOx in the atmos- 
phere is not reduced by the inner pumping electrode 22 
and the measuring electrode 30 in an environment of 

30 being heated by the external measurement gas and be- 
ing heated by the heater 66. For example, a condition 
of partial pressure of oxygen is formed, in which the re- 
action of NO -> 1/2N 2 + 1/20 2 does not occur, because 
of the following reason. That is, if NOx in the measure- 
rs ment gas (atmosphere) is reduced in the first chamber 
18, it is impossible to accurately measure NOx in the 
second chamber 20 disposed at the downstream. In this 
context, it is necessary to establish a condition in the 
first chamber 18 in which NOx is not reduced by the 

^o component which participates in reduction of NOx (in 
this case, the metal component of the inner pumping 
electrode 22 and the measuring electrode 30). Specifi- 
cally, such a condition is achieved by using, for the inner 
pumping electrode 22 and the measuring electrode 30, 

45 a material having a low ability to reduce NOx, for exam- 
ple, an alloy of Au and Pt. 

The gas in the first chamber 18 is introduced into 
the second chamber 20 under the predetermined diffu- 
sion resistance via the second diffusion rate-determin- 

so jng section 16. The gas, which has been introduced into 
the second chamber 20, is subjected to the pumping op- 
eration for oxygen, caused by applying the predeter- 
mined constant voltage Vp2 between the reference 
electrode 32 and the auxiliary pumping electrode 50 

55 which constitute the auxiliary pumping cell 52 to make 
fine adjustment so that the partial pressure of oxygen 
has a constant and low value of partial pressure of ox- 
ygen. 
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The second diffusion rate-determining section 16 
serves to limit the amount of diffusion and inflow of ox- 
ygen in the measurement gas into the measuring space 
(second chamber 20) when the constant voltage Vp2 is 
applied to the auxiliary pumping cell 52 so that the cur- 
rent flowing through the auxiliary pumping cell 52 is sup- 
pressed, in the same manner as performed by the first 
diffusion rate-determining section 14. 

In the second chamber 20, a state of partial pres- 
sure of oxygen is also established : in which NOx in the 
atmosphere is not reduced by the auxiliary pumping 
electrode 50 in an environment of being heated by the 
external measurement gas and being heated by the 
heater 66, in the same manner as established in the first 
chamber 18. Accordingly, it is also necessary for the 
auxiliary pumping electrode 50 to use a material having 
a weak reducing ability or no reducing ability with re- 
spect to the NO component in the measurement gas, in 
the same manner as the inner pumping electrode 22 and 
the measuring electrode 30. It is preferable that the aux- 
iliary pumping electrode 50 is composed of, for example, 
a compound having the perovskite structure such as 
La 3 Cu0 4 . a cermet comprising a ceramic and a metal 
having a low catalytic activity such as Au, or a cermet 
comprising a ceramic, a metal of the Pt group, and a 
metal having a low catalytic activity such as Au. Further, 
when an alloy comprising Au and a metal of the Pt group 
is used as an electrode material, it is preferable to add 
Au in an amount of 0.03 to 35 vol% of the entire metal 
components. 

The measurement gas, which has been controlled 
for the partial pressure of oxygen in the second chamber 
20 as described above, is introduced into the detecting 
electrode 56 under the predetermined diffusion resist- 
ance via the third diffusion rate-determining section 58. 

When it is intended to control the partial pressure 
of oxygen in the atmosphere in the first chamber 18 to 
have a low value of the partial pressure of oxygen which 
does not substantially affect the measurement of NOx, 
by operating the main pumping cell 26, in other words, 
when the pumping voltage Vp1 of the variable power 
source 28 is adjusted by the aid of the feedback control 
system 38 so that the voltage detected by the oxygen 
partial pressure-detecting cell 34 is constant, if the ox- 
ygen concentration in the measurement gas greatly 
changes, for example, in a range of 0 to 20 %, then the 
respective partial pressures of oxygen in the atmos- 
phere in the second chamber 20 and in the atmosphere 
in the vicinity of the detecting electrode 56 slightly 
change in ordinary cases. This phenomenon is caused 
probably because of the following reason. That is, when 
the oxygen concentration in the measurement gas in- 
creases, the distribution of the oxygen concentration oc- 
curs in the widthwise direction and the thickness direc- 
tion over the measuring electrode 30 in the first chamber 
18. The distribution of the oxygen concentration chang- 
es depending on the oxygen concentration in the meas- 
urement gas. 



However in the case of the gas sensor according 
to the first embodiment, the auxiliary pumping cell 52 is 
provided for the second chamber 20 so that the partial 
pressure of oxygen in its internal atmosphere always 
5 has a constant low value of the partial pressure of oxy- 
gen. Accordingly even when the partial pressure of ox- 
ygen in the atmosphere introduced from the first cham- 
ber 1 8 into the second chamber 20 changes depending 
on the oxygen concentration in the measurement gas, 
10 the partial pressure of oxygen in the atmosphere in the 
second chamber 20 can be always made to have a con- 
stant low value, owing to the pumping operation per- 
formed by the auxiliary pumping celt 52. As a result, the 
partial pressure of oxygen can be controlled to have a 

75 low value at which the measurement of NOx is not sub- 
stantially affected. 

NOx in the measurement gas introduced into the 
detecting electrode 56 is reduced or decomposed 
around the detecting electrode 56. Thus, for example ; 

20 a reaction of NO -> 1/2N 2 + 1/20 2 is allowed to occur. 
In this process, a predetermined voltage Vp3, for exam- 
ple, 430 mV (700°C) is applied between the detecting 
electrode 56 and the reference electrode 32 for con- 
structing the measuring pumping cell 60, in a direction 

2S to pump out the oxygen from the second chamber 20 to 
the reference gas-introducing space 12. 

Therefore, the pumping current Ip flowing through 
the measuring pumping cell 60 has a value which is pro- 
portional to a sum of the oxygen concentration in the 

30 atmosphere introduced into the second chamber 20, i. 
e., the oxygen concentration in the second chamber 20 
and the oxygen concentration produced by reduction or 
decomposition of NOx by the aid of the detecting elec- 
trode 56. 

35 in this embodiment, the oxygen concentration in the 
atmosphere in the second chamber 20 is controlled to 
be constant by means of the auxiliary pumping cell 52. 
Accordingly, for example, as shown in FIG. 5, the pump- 
ing current Ip flowing through the measuring pumping 

40 cell 60 is proportional to the NOx concentration. The 
NOx concentration corresponds to the amount of diffu- 
sion of NOx limited by the third diffusion rate-determin- 
ing section 58. Therefore, even when the oxygen con- 
centration in the measurement gas greatly changes, it 

45 is possible to accurately measure the NOx concentra- 
tion, based on the use of the measuring pumping cell 
60 by the aid of the ammeter 64. 

It is assumed, for example, that the partial pressure 
of oxygen in the atmosphere in the second chamber 20 

so controlled by the auxiliary pumping cell 52 is 0,02 ppm, 
and the concentration of NO as the NOx component in 
the measurement gas is 1 00 ppm. The pumping current 
Ip flows in an amount corresponding to a sum (= 50.02 
ppm) of an oxygen concentration of 50 ppm produced 

55 by reduction or decomposition of NO and the oxygen 
concentration of 0.02 ppm in the atmosphere in the sec- 
ond chamber 20. Therefore, almost all of the pumping 
current value obtained by operating the measuring 
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pumping cell 60 represents the amount brought about 
by the reduction or decomposition of NO. Accordingly, 
the obtained result does not depend on the oxygen con- 
centration in the measurement gas. 

During the period in which the foregoing operation 5 
is performed, the impedance between the inner pump- 
ing electrode 22 and the auxiliary pumping electrode 50 
except for the detecting electrode 56 is detected as a 
voltage level by the aid of the impedance-detecting cir- 
cuit 70. The electric power application to the heater 66 10 
is controlled on the basis of the detected voltage level 
by the aid of the heater control circuit 72. 

Specifically, if the temperature of the measurement 
gas becomes lower than the predetermined tempera- 
ture, and the impedance between the electrodes 22, 50 is 
is increased, then the level of the voltage signal Vf out- 
putted from the filter circuit 86 (see FIG. 4) of the imped- 
ance-detecting circuit 70 is also increased. If the level 
of the voltage signal Vf becomes higher than the positive 
threshold level (E + V H /2) of the comparator 86, then the 20 
low level signal is supplied to the base electrode of the 
power transistor 90 included in the heater control circuit 
72, and the electric power application to the heater 66 
is started. Accordingly, the temperature of the measure- 
ment gas in the sensor element is gradually increased. 25 

On the other hand, if the temperature of the meas- 
urement gas becomes higher than the predetermined 
temperature, and the impedance between the elec- 
trodes 22, 50 is decreased, then the level of the voltage 
signal Vf outputted from the filter circuit 86 is also de- 30 
creased. If the level of the voltage signal Vf becomes 
lower than the negative threshold level (E - V H /2) of the 
comparator 88, then the high level signal is supplied to 
the base electrode of the power transistor 90 included 
in the heater control circuit 72, and the electric power 35 
application to the heater 66 is stopped. Accordingly, the 
temperature of the measurement gas in the sensor ele- 
ment is gradually decreased. As described above, the 
temperature in the sensor element can be maintained 
to be constant by controlling the electric power applica- 40 
tion to the heater 66 on the basis of the impedance val- 
ue. 

Now, an illustrative example will be described. This 
illustrative experiment concerns Example for a gas sen- 
sor constructed in the same manner as the gas sensor 45 
according to the first embodiment, and Comparative Ex- 
ample for a gas sensor based on the use of the conven- 
tional constant resistance control. The gas sensors con- 
cerning Example and Comparative Examples were 
placed in exhaust gas discharged from a diesel engine so 
having a high oxygen concentration/high temperature 
gas region to observe the degree of variation in output 
characteristics in Example and Comparative Example 
depending on the high or low temperature of the meas- 
urement gas. Experimental results are shown in FIG. 5. 55 
Characteristic curves shown in FIG. 5 were obtained by 
plotting output characteristics obtained in Example and 
Comparative Example, while giving the NO concentra- 



tion in the external space along the lower axis of abscis- 
sa, the detected current value obtained by the ammeter 
64 along the axis of ordinate, and the measurement gas 
temperature during measurement along the upper axis 
of abscissa. In FIG. 5, solid circles represent the output 
characteristic obtained in Example, and solid squares 
represent the output characteristic obtained in Compar- 
ative Example. 

According to the experimental results, the following 
fact can be understood. That is, in the case of Compar- 
ative Example, when the measurement gas tempera- 
ture is lower than 600° C, it is possible to obtain the de- 
tected current value in conformity with the NO concen- 
tration. However, when the measurement gas tempera- 
ture exceeds 600°C, a phenomenon occurs in which the 
detected current value makes shift. Specifically, a phe- 
nomenon occurs in which the detected current value in- 
creases to be higher than the prescribed detected cur- 
rent value expected on the basis of the concentration of 
the predetermined gas component, in accordance with 
the increase in temperature. On the other hand, in Ex- 
ample, the detected current value is obtained in con- 
formity with the NO concentration up to 800°C, in which 
the characteristic is improved as compared with Com- 
parative Example. 

As described above, it is unnecessary for the gas 
sensor according to the first embodiment, as compared 
with the conventional constant resistance control meth- 
od, to manufacture it as having a strict ratio between the 
resistance value of the lead section of the heater and 
the resistance value of the heat-generating section of 
the heater. Further, it is possible to avoid the influence 
which would be otherwise exerted by the temperature 
of the measurement gas due to the increase in resist- 
ance value of the heater lead section. 

In the gas sensoraccording to the first embodiment, 
the impedance value between the electrodes except for 
the detecting electrode 56 is detected. Therefore, the 
voltage Vp3 applied to the measuring pumping cell 60 
is free from variation which would be otherwise caused 
by the detection of the impedance. Accordingly, it is pos- 
sible to suppress, for example, superimposition of noise 
and fluctuation of the pumping current Ip detected by 
the aid of the ammeter 64. 

In other words, the gas sensor according to the first 
embodiment makes it possible to suppress variation in 
detection output which would be otherwise caused de- 
pending on the temperature of the measurement gas. 
Moreover, it is possible to realize a high S/N ratio of the 
detection output. 

Especially, in the gas sensor according to the first 
embodiment, the impedance between the inner pump- 
ing electrode 22 and the auxiliary pumping electrode 50 
is detected. Accordingly, the interior of the sensor ele- 
ment can be subjected to control while monitoring the 
temperature in the first chamber 1 8 and the temperature 
in the second chamber 20. Therefore, the measurement 
gas temperature in the vicinity of the detecting electrode 
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56 can be controtled more accurately. As a result, it is 
possible to effectively suppress variation in detection 
output (pumping current value) which would be other- 
wise caused depending on the measurement gas tem- 
perature, and it is possible to realize improvement in de- 5 
tection accuracy and improvement in reliability of the 
gas sensor. 

Next, three modified embodiments of the gas sen- 
sor according to the first embodiment will be described 
with reference to FIGs. 6 to 11. Components or parts 10 
corresponding to those shown in FIGs. 1 and 4 are des- 
ignated by the same reference numerals, duplicate ex- 
planation of which will be omitted. 

At first, a gas sensor according to the first modified 
embodiment is constructed in approximately the same is 
manner as the gas sensor according to the first embod- 
iment (see FIGs. 1 and 4). However, the former is dif- 
ferent from the latter in the arrangement of the heater 
control system. 

That is, as shown in FIG. 6, the heater control sys- 20 
tern comprises the alternating current-generating circuit 
80 as well as two detection circuits (first and second de- 
tection circuits 100, 102), a differential amplifier 104, 
and a pulse width-modulating circuit 130 for modulating 
the pulse width of the signal (hereinafter simply referred 25 
to as "base-driving signal Sp") for driving the base of the 
power transistor 90. 

Specifically, at first, a first series circuit 106 com- 
prising a fixed resistor Ra connected in series to the par- 
allel circuit 84 including the resistor R and the capacitor 30 
C (the equivalent circuit of the impedance measurement 
objective constructed by the inner pumping electrode 
22, the auxiliary pumping electrode 50, and the second 
solid electrolyte layer 1 0f disposed therebetween), and 
a second series circuit 103 comprising a fixed resistor 35 
Rb connected in series to a variable resistor Rc are con- 
nected in parallel between the supply line of the alter- 
nating current-generating circuit 80 respectively. The 
wiring connection is made such that an alternating sig- 
nal Sa, which is generated in the parallel circuit (element 40 
impedance) 84 by supplying the alternating current to 
the first and second series circuits 106, 108, is supplied 
to the first detection circuit 100. The wiring connection 
is made such that an alternating current signal Sb, which 
is generated in the variable resistor Rc, is supplied to 45 
the second detection circuit 1 02. Further, the wiring con- 
nection is made such that both of an output Vg of the 
first detection circuit 100 and an output Vh of the second 
detection circuit 102 are' supplied to the differential am- 
plifier 104 disposed at the downstream stage. FIG. 6 so 
shows an example of wiring connection in which the out- 
put Vg of the first detection circuit 100 is inputted into a 
non-inverting input terminal of the differential amplifier 
104, and the output Vh of the second detection circuit 
102 is inputted into an inverting input terminal thereof. ss 

The resistance value of the variable resistor Rc is 
set to be a resistance value corresponding to a normal 
impedance between the electrodes of the impedance 



measurement objective which is connected as the first 
series circuit 106. In this embodiment, the resistance 
value is set to be a resistance value corresponding to a 
normal impedance between the inner pumping elec- 
trode 22 and the auxiliary pumping electrode 50. 

The first detection circuit 100 comprises : in connec- 
tion, a non -inverting amplifying circuit 1 1 0 for amplifying, 
with a predetermined gain, the alternating current signal 
Sa generated in the parallel circuit (element impedance) 
84, and a rectifying circuit 1 1 2 for rectifying an output Sc 
from the non-inverting amplifying circuit 110 and con- 
verting an obtained result into the voltage signal Vg at 
a direct current level corresponding to the output level. 
The second detection circuit 102 comprises, in connec- 
tion, a non-inverting amplifying circuit 1 1 4 for amplifying, 
with a predetermined gain, the alternating current signal 
Sb generated in the variable resistor Rc, and a rectifying 
circuit 116 for rectifying an output Sd from the non-in- 
verting amplifying circuit 11 4 and converting an obtained 
result into the voltage signal Vh at a direct current level 
corresponding to the output level. The fixed resistor Ra 
has the same resistance value as that of the fixed resis- 
tor Rb. 

The pulse width-modulating circuit 130 comprises 
a triangular wave-generating circuit 132 for generating 
and outputting a predetermined triangular wave St hav- 
ing, for example, a bottom level of -5 V and an apex level 
of +5 V, and a comparator 134 for comparing the trian- 
gular wave St supplied from the triangular wave-gener- 
ating circuit 132 with an output signal Vi supplied from 
the differential amplifier 104. FIG. 6 shows an example 
of wiring connection in which the output signal Vi sup- 
plied from the differential amplifier 104 is inputted into 
an inverting input terminal of the comparator 134, and 
the triangular wave St supplied from the triangular wave- 
generating circuit 1 32 is inputted into a non-inverting in- 
put terminal thereof. 

The level of the output signal Vi from the differential 
amplifier 104 provides a threshold value for the triangu- 
lar wave St. That is, if the level of the output signal Vi is 
not lower than the apex level of the triangular wave St 
as shown in FIG. 7A, the base-driving signal at a low 
level is always outputted from the comparator 134 as 
shown in FIG. 7B. If the level of the output signal Vi is 
higher than the bottom level of the triangular wave and 
lower than the apex level as shown in FIGs. 8A and 9A, 
then the base-driving signal is outputted at a high level 
during a period in which the triangular wave St is higher 
than the level of the output signal Vi, and the base-driv- 
ing signal is outputted at a low level during a period in 
which the triangular wave St is lower than the level of 
the output signal Vi, as shown in FIGs. 8B and 9B. 

If the level of the output signal Vi is not higher than 
the bottom level of the triangular wave as shown in FIG. 
10A, the base-driving signal at a high level is always 
outputted from the comparator 134 as shown in FIG. 
10B. 

Next, the operation of the gas sensor according to 
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the first modified embodiment, especially the operation 
of the heater control system will be explained. At first, 
the alternating current is supplied to the first series cir- 
cuit 106 including the impedance measurement objec- 
tive (parallel circuit) 84 by the aid of the alternating cur- s 
rent-generating circuit 80, simultaneously with which the 
alternating current is also supplied to the second series 
circuit 108 including the variable resistor Rc set to have 
the resistance value corresponding to the normal im- 
pedance between the electrodes 22, 50. 10 

When the alternating current is supplied to the first 
series circuit 106, the alternating current signal Sa gen- 
erated in the parallel circuit 84 (element impedance) is 
supplied to the first detection circuit 100, and it is out- 
putted after being converted into the direct current volt- is 
age signal Vg. On the other hand, when the alternating 
current is supplied to the second series circuit 108, the 
alternating current signal Sb generated in the variable 
resistor Rc is supplied to the second detection circuit 
102, and it is outputted after being converted into the 20 
direct current voltage signal (reference signal) Vh. 

Both of the voltage signal Vg outputted from the first 
detection circuit 1 00 and the reference signal Vh output- 
ted from the second detection circuit 102 are supplied 
to the differential amplifier 1 04. The differential amplifier 25 
104 determines a difference between the voltage signal 
Vg and the reference signal Vh to make an output as 
the deviation signal Vi. 

The deviation signal Vi outputted from the differen- 
tial amplifier 104, especially its voltage level is com- 30 
pared with the triangular wave St supplied from the tri- 
angular wave-generating circuit 132, by the aid of the 
comparator 134 included in the pulse width-modulating 
circuit 130 disposed at the downstream stage. 

At first, during the warming-up period, the difference 35 
in temperature between the sensor element tempera- 
ture and the measurement gas temperature is extremely 
large, and the impedance between the electrodes 22, 
50 is extremely large. Accordingly, as shown in FIG. 7A f 
the level of the deviation signal Vi exceeds the apex lev- 40 
el of the triangular wave St, and the base-driving signal 
Sp is always at a low level. As a result, the power tran- 
sistor 90 is always turned ON, and the electric power is 
continuously applied to the heater 66. When the sensor 
element temperature is raised by the continuous electric 45 
power application to the heater 66, the level of the de- 
viation signal Vi is lower than the apex level of the trian- 
gular wave St. Accordingly, the level of the deviation sig- 
nal Vi varies within a range between the bottom level 
and the apex level depending on the high or low tern- so 
perature of the measurement gas (see FIGs. 8A to 9B). 

When the measurement gas temperature becomes 
lower than the predetermined temperature, and the im- 
pedance between the electrodes 22, 50 is increased, 
then the level of the deviation signal Vi outputted from 55 
the differential amplifier 1 04 of the impedance-detecting 
circuit 70 is also increased as shown in FIGs. 8A and 
8B, and the width of the low level pulse of the base-driv- 



ing signal Sp is widened in a degree corresponding to 
the foregoing increase. As a result the period of time to 
apply the electric power to the heater 66 is prolonged, 
and the measurement gas temperature in the sensor el- 
ement is gradually raised. 

On the other hand, when the measurement gas 
temperature becomes higher than the predetermined 
temperature, and the impedance between the elec- 
trodes 22, 50 is decreased, then the level of the devia- 
tion signal Vi outputted from the differential amplifier 1 04 
of the impedance-detecting circuit 70 is also decreased 
as shown in FIGs. 9A and 9B, and the width of the low 
level pulse of the base-driving signal Sp is narrowed in 
a degree corresponding to the foregoing decrease. As 
a result, the period of time to apply the electric power to 
the heater 66 is shortened, and the measurement gas 
temperature in the sensor element is gradually lowered. 

As described above, the temperature in the sensor 
element can be maintained to be constant by controlling 
the electric power application to the heater 66 on the 
basis of the impedance value. 

In the gas sensor according to the first modified em- 
bodiment, the target impedance value can be set by us- 
ing the resistor (variable resistor Rc). Therefore, it is un- 
necessary to use, as the first and second detection cir- 
cuits 100, 102 for converting the alternating current sig- 
nal into the voltage signal, any circuit device having a 
complicated circuit arrangement such as a high-order 
low-pass filter and a band-pass filter based on the use 
of an operational amplifier. The system of the present 
invention can be realized by using simple components, 
for example, differential amplifiers, rectifying circuits 
based on the use of diodes and first-order CR low-pass 
filters. Thus, it is possible to effectively simplify the cir- 
cuit arrangement and effectively reduce electric power 
consumption. 

Next, a gas sensor according to the second modi- 
fied embodiment will be explained with reference to FIG. 
11. As shown in FIG. 11, the gas sensor according to 
the second modified embodiment is constructed in ap- 
proximately the same manner as the gas sensor accord- 
ing to the first embodiment (see FIG. 4). However, the 
former is different from the latter in that a differential am- 
plifier 118 is connected in place of the comparator 88 
with hysteresis included in the heater control circuit 72. 
The power transistor 90 disposed at the downstream 
stage functions not as a digital switching circuit based 
on the use of the saturation region and the breaking re- 
gion of the transistor, but as an analog current control 
circuit based on the use of the saturation region, the op- 
erating region, and the breaking region of the transistor. 

That is, the gas sensor according to the second 
modified embodiment controls the measurement gas 
temperature in the sensor element by continuously con- 
trolling the amount of current supply on the basis of the 
change in impedance between the electrodes 22, 50 
without stopping the electric power application to the 
heater 66. In this embodiment, it is possible to suppress 
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excessive electric power consumption which would be 
otherwise observed upon the start of electric power ap- 
plication to the heater 66. 

This embodiment illustrates wiring connection in 
which the deviation signal Vi from the differential ampli- s 
tier 104 is supplied to the inverting terminal of the differ- 
ential amplifier 118, and the reference level Ea is sup- 
plied to the non-inverting terminal thereof. In this proc- 
ess, the reference level Ea is set to be a level which is 
different from the reference level E shown in FIG. 4, be- 10 
cause it is necessary to compare the reference level Ea 
with the level (deviation level) of the deviation signal Vi 
supplied from the differential amplifier 104. Specifically, 
the reference level Ea is set to be the same as the de- 
viation level obtained when the measurement gas tern- is 
perature in the sensor element is the predetermined 
temperature (desired temperature). 

Next, although not shown, a gas sensor according 
to the third modified embodiment is constructed such 
that the impedance-detecting circuit 70 for the heater 20 
control system is the impedance-detecting circuit includ- 
ed in the gas sensor according to the first embodiment, 
i.e., the impedance-detecting circuit 70 based on the 
use of the filter circuit 66, and the heater control circuit 
72 is the heater control circuit included in the gas sensor 2s 
according to the second embodiment, i.e., the heater 
control circuit 72 based on the use of the differential am- 
plifier 118. 

In this embodiment, it is possible to obtain the gas 
sensor which involves, in combination, the effect of the 30 
gas sensor according to the first embodiment and the 
effect of the gas sensor according to the second modi- 
fied embodiment. 

Next, a gas sensor according to the second embod- 
iment will be explained with reference to FIG. 12. Com- 35 
ponents or parts corresponding to those shown in FIG. 
1 are designated by the same reference numerals, du- 
plicate explanation of which will be omitted. 

As shown in FIG. 12, the gas sensor according to 
the second embodiment is constructed in approximately 40 
the same manner as the gas sensor according to the 
first embodiment (see FIG. 1). However, the former is 
different from the latter in that the feedback control sys- 
tem 38 for the main pumping cell 26 is constructed as 
follows. 45 

That is, the feedback control system 38 includes a 
differential amplifier 120 for comparing a terminal volt- 
age Vj between the reference electrode 32 and the inner 
pumping electrode 22 with a reference voltage Vr and 
amplifying an obtained difference with a predetermined so 
gain to make an output, which is wired and connected 
such that the output voltage (differential voltage) from 
the differential amplifier 120 is applied, as the pumping 
voltage Vp1 to the main pumping cell 26, between the 
outer pumping electrode 24 and the inner pumping elec- ss 
trode 22. In this embodiment, the inner pumping elec- 
trode 22 is grounded. 

Next, the operation of the gas sensor according to 



the second embodiment will be explained. At first, the 
measurement gas is introduced into the first chamber 
18 via the first diffusion rate-determining section 14. 
During this process, the terminal voltage Vj, which is ob- 
tained between the inner pumping electrode 22 of the 
main pumping ceil 26 and the reference electrode 32 
formed on the side of the reference gas-introducing 
space 12, is applied, for example, to the non-inverting 
terminal of the differential amplifier 1 20. The differential 
amplifier 1 20 determines the difference between the ter- 
minal voltage Vj supplied to the inverting terminal and 
the reference voltage Vr supplied to the non-inverting 
terminal. The voltage Vpl, which is obtained by ampli- 
fying the different with the predetermined gain, is out- 
putted from the output terminal of the differential ampli- 
fier 120. The output voltage Vp1 is applied to the outer 
pumping electrode 24 of the main pumping cell 26. How- 
ever, in this embodiment, the inner pumping electrode 
22 is allowed to have the ground electric potential (0 V). 
Consequently, the voltage between the both electrodes 
22, 24 of the main pumping cell 26 is equivalent to the 
output voltage Vp1 from the differential amplifier 120. 

Therefore, the main pumping cell 26 functions as a 
pump for pumping out or pumping in the oxygen con- 
tained in the measurement gas introduced into the first 
chamber 18 in an amount corresponding to the level of 
the output voltage Vp1 . The oxygen concentration in the 
first chamber 1 8 is feedback-controlled to arrive at a pre- 
determined level by repeating the foregoing series of op- 
erations. 

In this embodiment, the terminal voltage (measured 
voltage) Vj, which is applied to the inverting terminal of 
the differential amplifier 120, is the terminal voltage be- 
tween the inner pumping electrode 22 of the main pump- 
ing cell 26 and the reference electrode 32 disposed in 
the reference gas-introducing space 12. Accordingly, 
when the amount of oxygen pumped out by the main 
pumping cell 26 is changed, and the concentration of 
oxygen in the first chamber 18 is changed, then the ter- 
minal voltage between the inner pumping electrode 22 
of the main pumping cell 26 and the reference electrode 
32 is changed without any time delay (changed in real- 
time). Therefore, it is possible to effectively suppress the 
oscillation phenomenon which would be otherwise 
caused in the feedback control system 38. 

In the feedback control system 38 described above, 
the control voltage (output voltage Vp1) is feedback- 
controlled so that the terminal voltage Vj between the 
inner pumping electrode 22 and the reference electrode 
32 is converged to the same level as that of the refer- 
ence voltage Vr. 

It is also possible for the gas sensor according to 
the second embodiment to adopt the arrangements of 
the first to third modified embodiments concerning the 
first embodiment. 

Next, a gas sensor according to the third embodi- 
ment will be explained with reference to FIG. 13. Com- 
ponents or parts corresponding to those shown in FIG. 
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1 are designated by the same reference numerals : du- 
plicate explanation of which will be omitted. 

As shown in FIG. 13, the gas sensor according to 
the third embodiment is constructed in approximately 
the same manner as the gas sensor according to the 
first embodiment (see FIG. 1). However, the former is 
different from the latter in that an oxygen partial pres- 
sure-detecting cell 1 22 is provided in place of the meas- 
uring pumping cell 60. 

The oxygen partial pressure-detecting cell 122 
comprises a detecting electrode 124 formed on the up- 
per surface portion for forming the second chamber 20, 
of the upper surface of the first solid electrolyte layer 
1 0d, the reference electrode 32 formed on the lower sur- 
face of the first solid electrolyte layer 10d, and the first 
solid electrolyte layer 10d interposed between the both 
electrodes 124, 32. 

In this embodiment, an electromotive force (electro- 
motive force of the oxygen concentration cell), which 
corresponds to the difference in oxygen concentration 
between the atmosphere around the detecting electrode 
1 24 and the atmosphere around the reference electrode 
32, is generated between the detecting electrode 124 
and the reference electrode 32 of the oxygen partial 
pressure-detecting cell 1 22. Therefore, the partial pres- 
sure of oxygen in the atmosphere around the detecting 
electrode 1 24, in other words, the partial pressure of ox- 
ygen defined by the oxygen produced by reduction or 
decomposition of the measurement gas component 
(NOx) is detected as a voltage value by measuring the 
electromotive force generated between the detecting 
electrode 124 and the reference electrode 32 by using 
a voltmeter 126. 

Now, the principle of detection performed by the gas 
sensor according to the third embodiment will be ex- 
plained with reference to a characteristic curve shown 
in FIG. 14. 

At first, when the NO concentration in the external 
space is 0 ppm, if the oxygen concentration in the at- 
mosphere in the first chamber 1 8 is controlled by the aid 
of the feedback control system 38 so that the pumping 
voltage Vp1 for the main pumping cell 26 has a value 
(10' 7 atm) corresponding to 300 mV, then the oxygen 
concentration in the atmosphere in the second chamber 
20 is also 10" 7 atm. Thus, the electromotive force, which 
is generated between the detecting electrode 124 and 
the reference electrode 32 of the oxygen partial pres- 
sure-detecting cell 122 provided for the second cham- 
ber 20, is about 460 mV. 

When the NO concentration in the external space 
is gradually increased, then the reducing or decompos- 
ing reaction of NO is caused on the detecting electrode 
124, and the oxygen concentration in the atmosphere 
around the detecting electrode 124 is increased, be- 
cause the detecting electrode 124 also functions as an 
NOx-reducing catalyst in the same manner as the de- 
tecting electrode 56 of the measuring pumping cell 60 
described above (see FIG. 1). Accordingly, the electro- 



motive force, which is generated between the detecting 
electrode 124 and the reference electrode 32. is gradu- 
ally decreased. With reference to FIG. 14 illustrating the 
characteristic curve, for example, when the NO concen- 
5 tration increases to 300 ppm, 500 ppm, and 1000 ppm : 
the electromotive force detected by the voltmeter 1 26 is 
gradually decreased to 300 mV, 250 mV, and 220 mV 
respectively. 

The degree of the decrease in electromotive force 
10 represents the NO concentration. In other words, the 
electromotive force, which is outputted from the oxygen 
partial pressure-detecting cell 1 22 for the second cham- 
ber 20, constructed by the detecting electrode 124, the 
reference electrode 32, and the first solid electrolyte lay- 
's er 10d, represents the NO concentration in the meas- 
urement gas. 

The gas sensor according to the third embodiment 
also includes the same heater control system as the 
heater control system according to the first embodiment, 
20 i.e., the impedance-detecting circuit 70 and the heater 
control circuit 72. 

Therefore, in the gas sensor according to the third 
embodiment, it is unnecessary to manufacture the gas 
sensor as having a strict resistance ratio between the 
25 resistance value of the heater lead section and the re- 
sistance value of the heat-generating section of the 
heater, in the same manner as the gas sensor according 
to the first embodiment. Moreover, it is possible to avoid 
the influence of the temperature of the measurement 
30 gas, which would be otherwise exerted due to the in- 
crease in resistance value of the heater lead section. 

In another viewpoint, the impedance value between 
the inner pumping electrode 22 and the auxiliary pump- 
ing electrode 50 is detected. Accordingly, the electro- 
ns motive force, which is generated by the oxygen partial 
pressure-detecting cell 122, is free from variation which 
would be otherwise caused due to the detection of the 
impedance. Thus, it is possible to suppress, for exam- 
ple, superimposition of noise and fluctuation of the elec- 
40 tromotive force (voltage) detected by the voltmeter 1 26. 
Therefore, it is possible to suppress variation in detec- 
tion output which would be otherwise caused depending 
on the temperature of the measurement gas. Moreover, 
it is possible to realize a high S/N ratio of the detection 
45 output. 

Further, the temperature of the measurement gas 
in the vicinity of the detecting electrode 1 24 can be high- 
ly accurately controlled, and the variation of the detec- 
tion output (electromotive force), which would be other- 
$o wise caused by the temperature of the measurement 
gas, can be effectively suppressed. These advantages 
result in improvement in detection accuracy of the gas 
sensor and improvement in reliability 

It is also possible for the gas sensor according to 
55 the third embodiment to adopt the arrangements of the 
first to third modified embodiments concerning the first 
embodiment. 

Next, a gas sensor according to the fourth embod- 
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iment will be explained with reference to FIG. 15. 

The gas sensor according to the fourth embodiment 
is constructed in the same manner as the gas sensor 
according to the third embodiment. However, the former 
is different from the latter in that the feedback control 5 
system 33 for the main pumping cell 26 is constructed 
in the same manner as that of the gas sensor according 
to the second embodiment. That is, the wiring connec- 
tion is made such that the gas sensor includes the dif- 
ferential amplifier 120 for comparing the terminal volt- 10 
age Vj between the reference electrode 32 and the inner 
pumping electrode 22 with the reference electrode Vr to 
obtain the difference which is amplified with the prede- 
termined gain to make the output. Further, the output 
voltage (differential voltage) from the differential ampli- is 
fier 120 is applied, as the pumping voltage Vp1 to the 
main pumping cell 26, between the outer pumping elec- 
trode 24 and the inner pumping electrode 22. 

The gas sensor according to the fourth embodiment 
has the same effect as that of the gas sensor according 20 
to the third embodiment, and it further provides the effect 
of the gas sensor according to the second embodiment, 
i.e., the effect that the oscillation phenomenon in the 
feedback control system 38 can be effectively sup- 
pressed. 25 

In the gas sensors according to the first to fourth 
embodiments (including the several modified embodi- 
ments), the impedance-detecting circuit 70 is used to 
detect the impedance between the inner pumping elec- 
trode 22 and the auxiliary pumping electrode 50 so that 30 
the measurement gas temperature in the sensor ele- 
ment is controlled. However, the measurement gas tem- 
perature in the sensor element may be controlled by de- 
tecting the impedance between the following elec- 
trodes: 35 

( 1 ) between the outer pumping electrode 24 and the 
auxiliary pumping electrode 50; 

(2) between the reference electrode 32 and the aux- 
iliary pumping electrode 50; 40 

(3) between the inner pumping electrode 22 and the 
detecting electrode (56 or 124); 

(4) between the outer pumping electrode 24 and the 
detecting electrode (56 or 124); 

(5) between the inner pumping electrode 22 and the 45 
reference electrode 32 (see FIG. 16); and 

(6) between the outer pumping electrode 24 and the 
reference electrode 32 (see FIG. 17). 

Especially, in the cases of (5) and (6), as shown in so 
FIGs. 16 and 17, the reference electrode 32, which is 
formed on the lower surface of the first solid electrolyte 
layer 10d, is formed to extend up to a position corre- 
sponding to the main pumping cell 26 (position under 
the main pumping cell 26). Alternatively although not 55 
shown, it is preferable that the reference electrode 32 is 
formed at a position corresponding to the main pumping 
cell, of the lower surface of the first solid electrolyte layer 



10d. in order to improve the detection accuracy for the 
impedance. 

The gas sensors according to the first to fourth em- 
bodiments described above are directed to NOx as the 
measurement gas component. However, the present in- 
vention is also effectively applicable to the measure- 
ment of bound oxygen-containing gas components such 
as H20 and C02 other than NOx, in which the meas- 
urement is affected by oxygen existing in the measure- 
ment gas. 

It is a matter of course that this invention is not lim- 
ited to the embodiments described above, which may 
be constructed in other various forms without deviating 
from the gist or essential characteristics of this inven- 
tion. 

As explained above, the gas sensor according to 
the present invention comprises a main pumping means 
including a solid electrolyte contacting with an external 
space, and an inner pumping electrode and an outer 
pumping electrode formed on inner and outer surfaces 
of the solid electrolyte, for pumping-processing (pump- 
ing in and pumping out) a predetermined gas compo- 
nent contained in a measurement gas introduced from 
the external space, on the basis of a control voltage ap- 
plied between the electrodes; a measuring pumping 
means including a solid electrolyte and a detecting elec- 
trode and a reference electrode formed on the solid 
electrolyte, for pumping-processing the predetermined 
gas component contained in the measurement gas after 
being pumping-processed by the main pumping means, 
on the basis of a voltage applied between the detecting 
electrode and the reference electrode; a current-detect- 
ing means for detecting a pumping current generated 
depending on an amount of the predetermined gas com- 
ponent pumping-processed by the measuring pumping 
means; a heater for heating at least the main pumping 
means and the measuring pumping means to a prede- 
termined temperature; an impedance-detecting means 
for detecting an impedance between an electrode dis- 
posed on a side of the main pumping means and an. 
electrode disposed on a side of the measuring pumping 
means; and a heater control means for controlling elec- 
tric power application to the heater on the basis of a val- 
ue of the impedance detected by the impedance-detect- 
ing means. 

Accordingly, the following effects are obtained. That 
is, it is possible to suppress variation in detection output 
which would be otherwise caused depending on the 
temperature of the measurement gas. Further, it is pos- 
sible to realize a high S/N ratio of the detection output. 
Especially, the impedance is detected between the elec- 
trode disposed on the side of the main pumping means 
and the electrode disposed on the side of the measuring 
pumping means. Therefore, it is possible to monitor the 
temperature on the side of the main pumping means and 
the temperature on the side of the measuring pumping 
means (or the concentration-detecting means) in the 
sensor element, and it is possible to highly accurately 
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control the temperature in the sensor element. 

Further, the impedance between the auxiliary 
pumping electrode of the auxiliary pumping means and 
the reference electrode, or the impedance between the 
inner pumping electrode of the main pumping means s 
and the auxiliary pumping electrode may be detected as 
the impedance between the electrodes detected by the 
impedance-detecting means. By doing so, it is possible 
to highly accurately control the temperature of the meas- 
urement gas in the vicinity of the detecting electrode in 10 
the sensor element, and it is possible to further suppress 
output variation in detection output. Further, the alter- 
nating current-generating circuit may be wired and con- 
nected such that the alternating current is supplied not 
only between the foregoing electrodes but also to the '5 
resistor designed to have the resistance value corre- 2. 
sponding to the normal impedance between the elec- 
trodes. Moreover, the signal-detecting circuit may com- 
prise the first detection circuit for converting the alter- 
nating current generated between the electrodes into 20 
the voltage signal at the level corresponding to the im- 
pedance between the electrodes, the second detection 
circuit for converting the alternating current signal gen- 
erated in the resistor into the voltage signal at the level 
corresponding to the impedance of the resistor to be 2s 
used as the reference signal, and the differential circuit 
for determining the difference between the voltage sig- 
nal outputted from the first detection circuit and the ref- 
erence signal outputted from the second detection cir- 
cuit to make the output as the deviation signal. By doing 30 
so, it is possible to obtain the inherent effect that the 
simplified control system can be achieved. 



Claims 35 

1. A gas sensor comprising: 3. 

a main pumping means (26) including a solid 
electrolyte (lOf) contacting with an external 40 
space, and an inner pumping electrode (22) 
and an outer pumping electrode (24) formed on 
inner and outer surfaces of said solid electro- 
lyte (1 Of), for pumping-processing a predeter- 
mined gas component contained in a measure- 45 
ment gas introduced from said external space, 
on the basis of a control voltage (Vp1) applied 
between said electrodes (22, 24); 
an electric signal-generating conversion 
means including a solid electrolyte (10d) and a so 
detecting electrode (56) and a reference elec- 
trode (32) provided in contact with said solid 
electrolyte (10d), for generating, by conversion, 
an electric signal corresponding to an amount 
of said predetermined gas component con- 55 
tained in said measurement gas after being 
pumping-processed by said main pumping 4. 
means (26); 
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a heater (66) for heating at least said main 
pumping means (26) and said electric signal- 
generating conversion means (60 or 122) to a 
predetermined temperature: 
an impedance-detecting means (70) for detect- 
ing an impedance between an electrode (22, 
24, 30) disposed on a side of said main pump- 
ing means (26) and an electrode (56, 50, 124, 
or 32) disposed on a side of said electric signal- 
generating conversion means; and 
a heater control means (72) for controlling elec- 
tric power application to said heater (66) on the 
basis of a value of said impedance detected by 
■ said impedance-detecting means (70). 

The gas sensor according to claim 1 , wherein said 
electric signal-generating conversion means com- 
prises: 

a measuring pumping means (60) including 
said solid electrolyte (10d) and a detecting 
electrode (56) and a reference electrode (32) 
formed on said solid electrolyte (10d), for 
pumping-processing said predetermined gas 
component contained in said measurement 
gas after being pumping-processed by said 
main pumping means (26), on the basis of a 
voltage (Vp3) applied between said detecting 
electrode (56) and said reference electrode 
(32); and 

a current-detecting means (64) for detecting a 
pumping current (Ip) generated depending on 
an amount of said predetermined gas compo- 
nent pumping-processed by said measuring 
pumping means (60). 

The gas sensor according to claim 1 , wherein said 
electric signal-generating conversion means com- 
prises: 

a concentration-detecting means (122) includ- 
ing said solid electrolyte (10d) and a detecting 
electrode (124) and a reference electrode (32) 
formed on said solid electrolyte (10d), for gen- 
erating an electromotive force corresponding to 
a difference between an amount of said prede- 
termined gas component contained in said 
measurement gas after being pumping-proc- 
essed by said main pumping means (26) and 
an amount of said predetermined gas compo- 
nent contained in a reference gas existing on a 
side of said reference electrode (32); and 
a voltage-detecting means (126) for detecting 
said electromotive force generated by said con- 
centration-detecting means (126). 

The gas sensor according to claim 1 , wherein said 
electrode disposed on said side of said electric sig- 
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nal-generating conversion means, which is subject- 
ed to said detection of said impedance performed 
by said impedance-detection means (70), is an 
electrode except for said detecting electrode (56, 
124). 5 

The gas sensor according to claim 1 , further com- 
prising: 

a concentration-measuring means (34) for gen- 10 
erating an electromotive force corresponding to 
a difference between an amount of said prede- 
termined gas component contained in said 
measurement gas during said pumping proc- 
ess performed by said main pumping means is 
(26) and an amount of said predetermined gas 
component contained in a reference gas exist- 
ing on a side of said reference electrode (32); 
and 

a main pumping control means (38) for adjust- 20 
ing a level of said control voltage (Vp1 ) applied 
between said inner pumping electrode (22) and 
said outer pumping electrode (24), on the basis 
of a voltage of said electromotive force. 

25 

The gas sensor according to claim 5, wherein said 
electromotive force generated by said concentra- 
tion-measuring means (34) is a terminal voltage 
generated at least between said reference elec- 
trode (32) and said measuring electrode (30) 30 
formed in the vicinity of said main pumping means 
(26). 

The gas sensor according to claim 5, wherein said 
electromotive force generated by said concentra- 35 
tion-measuring means (34) is a. terminal voltage 
generated at least between said reference elec- 
trode (32) and said inner pumping electrode (22) of 
said main pumping means (26). 

40 

The gas sensor according to claim 1 , wherein said 
impedance-detecting means (70) comprises: 

an alternating current-generating circuit (80) for 
supplying an alternating current between said 45 
electrodes subjected to said detection; and 
a signal-detecting circuit (82) for detecting a 
voltage signal at a level corresponding to said 
impedance between said electrodes generated 
between said electrodes by supplying said a!- so 
ternating current between said electrodes sub- 
jected to said detection; and said heater control 
means (72) comprises: 

a comparator circuit (88 or 130) for comparing 
a reference level (E or St) with a level of a volt- ss 
age signal (Vf or Vi) supplied from a signal-de- 
tecting circuit (82) of said impedance-detecting 
means (70); and 



a switching circuit (90) for performing ON/OFF 
control over electric power application to said 
heater (66) on the basis of a result of compar- 
ison performed by said comparator circuit (88 
or 130). 

9. The gas sensor according to claim 8, wherein said 
signal-detecting circuit (82) comprises a filter circuit 
(86) for converting said alternating current signal 
generated between said electrodes into said volt- 
age signal (Vf) at said level corresponding to said 
impedance between said electrodes. 

10. The gas sensor according to claim 8, wherein: 

said alternating current-generating circuit (80) 
is wired and connected such that said alternat- 
ing current is supplied not only between said 
electrodes but also to a resistor (Rc) designed 
to have a resistance value corresponding to a 
normal impedance between said electrodes, 
and wherein said signal-detecting circuit (82) 
comprises: 

a first detection circuit (1 00) for converting said 
alternating current generated between said 
electrodes into a voltage signal (Vg) at a level 
corresponding to said impedance between said 
electrodes; 

a second detection circuit (102) for converting 
an alternating current signal generated in said 
resistor (Rc) into a voltage signal at a level cor- 
responding to an impedance of said resistor, to 
be used as a reference signal (Vh); and 
a differential circuit (104) for determining a dif- 
ference between said voltage signal (Vg) out- 
putted from said first detection circuit (1 00) and 
said reference signal (Vh) outputted from said 
second detection circuit (102), and outputting 
said difference as a deviation signal (Vi). 

11. The gas sensor according to claim 1 , wherein said 
impedance-detecting means (70) detects said im- 
pedance between any one of said electrodes (22, 
24) of said main pumping means (26) and said ref- 
erence electrode (32). 

12. The gas sensor according to claim 1, further com- 
prising an auxiliary pumping means (52) including 
an auxiliary pumping electrode (50) formed in the 
vicinity of said detecting electrode (56, 124), for 
pumping-processing said predetermined gas com- 
ponent contained in said measurement gas after 
being pumping processed by said main pumping 
means (26), on the basis of a voltage applied be- 
tween said auxiliary pumping electrode (50) and 
said reference electrode (32). 

1 3. The gas sensor according to claim 1 2, wherein said 
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impedance-detecting means (70) detects an im- 
pedance between said reference electrode (32) and 
said auxiliary pumping electrode (50). 

14. The gas sensor according to claim 12, wherein said s 
impedance-detecting means (70) detects an im- 
pedance between said auxiliary electrode (50) and 
any one of said electrodes (22, 24) of said main 
pumping means (26). 

10 

15. The gas sensor according to claim 1, wherein said 
main pumping means (26) comprises: 

said inner pumping electrode (22) and said out- 
er pumping electrode (24) formed at the inside is 
and outside of a first chamber (18) surrounded 
by substrates composed of solid electrolytes for 
introducing said measurement gas thereinto; 
and 

said substrate interposed between said both 20 
electrodes (22, 24). 

16. The gas sensor according to claim 2, wherein said 
measuring pumping means (60) comprises: 

25 

said detecting electrode (56) formed at the in- 
side of a second chamber (20) surrounded by 
substrates composed of solid electrolytes for 
introducing said measurement gas after being 
pumping-processed by said main pumping 30 
means (26) thereinto; 

said reference electrode (32) formed in a refer- 
ence gas-introducing chamber (12) surrounded 
by substrates composed of solid electrolytes for 
introducing a reference gas thereinto; and 3S 
said substrate interposed between said detect- 
ing electrode (56) and said reference electrode 
(32). 



a first diffusion rate-determining section (14) 
provided at a passage to introduce said meas- 
urement gas from said external space into said 
first chamber (16), for giving a predetermined 
diffusion resistance to said measurement gas; 
and 

a second diffusion rate-determining section 
(16) provided at a passage to introduce said 
measurement gas after being pumping-proc- 
essed by said main pumping means (26) into 
said second chamber (20), for giving a prede- 
termined diffusion resistance to said measure- 
ment gas. 

19. The gas sensor according to claim 16, further com- 
prising a third diffusion rate-determining section 
(58) provided at a passage for said measurement 
gas to enter said detecting electrode (56, 124) in 
said second chamber (16), for giving a predeter- 
mined diffusion resistance to said measurement 
gas. 



17. The gas sensor according to claim 3, wherein said 40 
concentration-detecting means (122) comprises: 

said detecting electrode (1 24) formed at the in- 
side of a second chamber (20) surrounded by 
substrates composed of solid electrolytes for 45 
introducing said measurement gas after being 
pumping-processed by said main pumping 
means (26) thereinto; 

said reference electrode (32) formed in a refer- 
ence gas-introducing chamber (1 2) surrounded so 
by substrates composed of solid electrolytes for 
introducing a reference gas thereinto; and 
said substrate interposed between said detect- 
ing electrode (124) and said reference elec- 
trode (32). 55 

1 8. The gas sensor according to claim 1 5, further com- 
prising: 
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